Background and Aims: The aim of this study was to compare the accuracy and clinical impact of hybrid positron emission tomography [PET]/magnetic resonance-enterography [MR-E] and PET/ computed tomography-enterography [CT-E] in patients with Crohn's disease [CD]. Methods: A total of 35 patients with symptomatic small-bowel CD who were scheduled to undergo operation were evaluated before operation by same-day PET/CT-E and PET/MR-E. PET/MR-E was also compared with MR-E alone. Imaging accuracy for detecting pathological sites and discriminating between fibrotic and inflammatory strictures was assessed. Treatment was adjusted according to imaging findings and change in medical/surgical strategy was also evaluated. Results: PET/CT-E, PET/MR-E, and MR-E were equally accurate in detecting CD sites. PET/MR-E was more accurate in assessing extra-luminal disease [p = 0.002], which was associated with higher need for stoma Conclusions: Preoperative PET/MR-E imaging is highly accurate for assessing CD lesions before operation and contributed to clinical management of patients with small-bowel CD more often than PET/CT-E.
Introduction
Crohn's disease [CD] is a chronic granulomatous inflammatory bowel disease with a tendency toward remission and relapse. 12, 3, 4, 5 Patients with penetrating or fibrostenosing CD have higher need for surgery, disease recurrence, and mortality. 5, 6 Cross-sectional imaging is important in guiding treatment of CD, and each modality has specific advantages and drawbacks. 7 18 F-fluorodeoxyglucose [FDG] positron emission tomography [PET]/computed tomography [CT] is sensitive and specific for the detection of active sites of CD within the small bowel and colon, 8, 9, 10 whereas magnetic resonance [MR] provides more accurate morphological information. 11, 12 As CT involves ionising radiation, MR has been proposed as first choice for non-emergent follow-up of CD patients. 13 Hybrid PET/MR is a novel non-invasive imaging tool developed with the expectation of better image quality provided by MR. 14, 15 PET/MR combines the morphological and physiological patterns provided by MR with the metabolic activity obtained by FDG-PET, as a single test. 15 Although no studies have investigated the impact of PET/MR for the evaluation of CD, the advantages from the use of this hybrid technique may be expected. 16 In this study we prospectively assessed the effectiveness of PET/ MR-enterography [MR-E] compared with PET/CT enterography [CT-E] in evaluating small-bowel CD and in determining its relevance on clinical management of patients with CD.
Materials and Methods
All patients with active CD observed between October 2012 and September 2014 were considered for inclusion. All patients gave their written informed consent for study enrolment. The study algorithm is depicted in Figure 1 .
Inclusion and exclusion criteria
Patients included in the study underwent clinical assessment by a gastroenterologist and a surgeon with inflammatory bowel disease [IBD] expertise. Subjects ≥ 18 years old who were candidates for surgery for small-bowel CD were enrolled. Exclusion criteria were: perianal CD; pregnancy; known diabetes mellitus or blood glucose levels greater than 140 mg/dl [7. 77 mmol/l]; non-diagnostic PET/ MR image quality; or contraindication to MR imaging including incompatible metallic hardware or devices; ocular metallic foreign bodies; and claustrophobia. The latter was considered an exclusion criterion for final data evaluation, but the rate of patient withdrawal was used to assess tolerability of the procedure.
PET/CT-E protocol
Patients fasted for at least 6 h before imaging. On the day of imaging, blood glucose level was assessed with a blood glucose meter [OneTouch Vita, LifeScan, Milpitas, CA] to ensure that it was less than 140 mg/dl [7. 77 mmol/l] and all patients started drinking a biphasic oral contrast solution consisting of 4 vials of 58.30 g macrogol 4 000 plus 0.020 g symethicon [Selg-esse1000, Promefarm, Milan, Italy] diluted in 4 l of water, followed by intravenous injection of 
PET/MR-E protocol
PET/MR-E was performed after PET/CT scan, as previously described. 15 Five minutes before the start of PET/MR acquisition, Each abdominal lesion detected was tested with PET and the maximum standard uptake value [SUV max] was reported, and a whole-body PET scan with specific report was used to disclose unexpected, distant malignancies.
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For both image modalities, accepted criteria for the evaluation of CD patients were used. 8, 9, 11, 12, 18, 19, 20 The SUV was recorded and compared with clinical findings, seeking for discrimination ability between inflammatory and fibrotic lesions. Differences between PET/ CT-E and PET/MR-E in terms of reliability in relation to surgical and histological findings were recorded [e.g. disease patterns and localisation], seeking for findings affecting the clinical management. A certain degree of inflammation is always observed, even in severely fibrotic segments, 9, 18, 21, 22 and hence it was anticipated that no purely fibrotic site could have been identified. The two different reading teams [PET/ CT-E and PET/MR-E] independently classified each detected site as purely inflammatory, fibrotic with slight inflammation, fibrotic with moderate-to-extensive inflammation, or unclassified. Figure 1 depicts the criteria for treatment and management of patients. Patients with both asymptomatic and symptomatic strictures classified as purely inflammatory or fibrotic with moderateto-extensive inflammation, 6, 23 and those with asymptomatic bowel thickening with marked inflammation, were deemed manageable with medical treatment. The decision was made after a complete clinical and serological assessment. These patients were observed after 2-3 days and again after 1-2 weeks. A final decision upon continuing conservative treatment or undergoing surgery was made jointly by the gastroenterologist and surgeon. . They received intravenous steroids first and, if steroid refractory or dependent, biologicals were considered. All decisions were made in multidisciplinary collaboration of gastroenterologist and surgeons. †Patients with confirmed intestinal obstruction were hospitalised. In case of complete bowel obstruction, they received nasogastric tube decompression, bowel rest, intravenous fluids, and electrolyte replacement. Those with suspected sepsis also received antibiotics. Prophylactic perioperiative antibiotics and low molecular weight heparin were delivered as previously described. 45 by guest on September 14, 2016 http://ecco-jcc.oxfordjournals.org/
Treatment and follow-up
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Preoperatively, imaging reports were read and the surgical team evaluated images. Every site classified as pathological by the imaging specialists was checked and the predicted pattern [inflammatory versus fibrotic] recorded. An accurate inspection of the entire bowel was always performed. Grossly pathological segments were identified and localisation was compared with imaging findings. Macroscopic features were noted [inflammatory versus fibrostenosing appearance]. Inflammatory segments were defined as areas of thickening and serosal hypervascularisation, with or without fat wrapping. Fibrosis was defined as rigidity and shortening of the involved segment. Concomitant findings were noted [e.g. fistulae and abscesses]. After the resection, the specimen was opened and the presence of mucosal alterations was checked. When strictureplasty procedures were performed, a full-thickness biopsy of the involved segment was always collected and sent to pathology. All areas of pathological PET accumulation were inspected. All patients included in analysis were followed up for a minimum of 6 months after imaging. Visits were carried out according to current practice of the clinicians, and included an ileocolonoscopy.
Histopathology
Pathological examination was the reference standard. The pathologists were blind to radiological and intra-operative findings. The resected specimens were sampled in multiple diseased sections. Length of abnormal segments was measured. Inflammation and fibrosis were graded as follows: 0 = none/mild; 1 = moderate; 2 = severe. Segments were defined as prevalently inflammatory or fibrotic, accordingly.
Statistical analysis
The discriminatory ability of PET/CT-E for CD patterns is lower than 15% 24 compared with 88-92% 25,26 of MR-E. Given that most previous studies used 1.5 T-MR and no PET/MR-E studies are available, by assuming a 70% increase with 3.0 T PET/MR-E compared with PET/CT-E, we planned enrolment of at least 10 patients per predominant pattern [fibrosis with slight inflammation versus inflammatory], receiving both imaging studies and undergoing surgery overall, in order to reject the null hypothesis that fibrosis detection rates were equal with power of 80% and a type I error probability of 5%. We also planned enrolment of at least five patients managed medically. Continuous and categorical data were analysed by Mann-Whitney and Fisher's exact test, respectively. The reference standard [histopathology] was applied for sensitivity analysis. Receiver operating characteristic [ROC] curves were plotted and the area under the curve [AUC] was calculated to compare the diagnostic performance of the different imaging tools in detecting fibrosis. 27 A pair-wise comparison between the ROCs was performed to assess the difference between the AUCs of the tests. 27 A quantification of the extent of fibrosis/ inflammation was attempted by means of SUV values, obtaining cutoff values to optimise the sensitivity and the specificity for fibrosis with 1000 bootstrap 95% confidence interval [CI] . 28 The results are reported with standard error [SE] and 95% CI. 27 
Ethical Cconsiderations
The study protocol was approved by the institutional review board and met the guidelines of good clinical practice.
Results
A total of 48 consecutive patients with established CD were considered for inclusion. Eight patients were excluded from the study and three were diagnosed with other conditions being responsible for their symptoms. The latter included one patient with imaging modalities, clinical examination and endoscopy consistent with ulcerative colitis, one with intestinal malrotation, and another one with a pancreatic cystadenoma. Two patients with negative examinationss did not require any treatment.
In all, 35 patients undergoing same-day PET/CT-E and PET/ MR-E were included [ Table 1 ]. Eight patients were deemed manageable with medical treatment, of whom two subsequently needed surgery. The latter were added to the 27 remaining patients undergoing surgery. Hence, the final study population for primary aims 
Impact of imaging on clinical and surgical management
PET/MR-E detected more extra-intestinal findings or conditions affecting bowel segments distant from those involved by CD compared with PET/CT-E [23 versus 15, p = 0.004], and were associated with a trend toward a modification of management. In detail, PET/MR-E identified a case of gallbladder adenomyomatosis that required cholecystectomy, and caecum polyps that were removed with endoscopic polypectomy at the time of surgery in a patient undergoing small-bowel resection. Both imaging procedures detected pulmonary tuberculosis in a patient exposed to a long course of biological and immunosuppressant medications, requiring specific treatment before surgery. An old lady was found with inhomogeneous endometrium stripe at PET/MR-E, requiring gynaecologist consultation. PET/MR-E identified an ileoileal intussusception in a patient found with an ileal polyp at surgery. Non-specific colonic uptake was observed in up to 12 patients overall [33%], but had no practical implications in clinical management. Based on clinical conditions and PET/CT-E and PET/MR-E findings, eight patients were treated medically. After 2 weeks of followup, two patients [25%] required surgery. They were found to have active inflammation and severe fibrosis. In these two, PET/MR-E and PET/CT-E were in agreement in one patient preoperatively diagnosed with purely inflammatory CD, whereas in the other one PET/MR-E identified a fibrotic component but the patient refused surgery, and both imaging modalities missed a stricture located in the small bowel. The remaining six [75%] patients [ Figure 2 ] were disease free at last available follow-up. One patient had a relapse requiring hospitalisation, but none required further surgery. These patients are on maintenance treatment; 6-month follow-up endoscopy was performed in five [83.3%%] of these patients, and was unremarkable.
The 12 patients diagnosed with fibrosis with slight inflammation by PET/MR-E were offered straight surgery. Pathology confirmed the diagnosis. One patient diagnosed with fibrosis by PET/CT-E scan was actually found with inflammatory CD.
Concerning the choice of surgical approach, among patients suitable for minimally invasive surgery, those with multiple disease localisations and/or PET/MR-E evidence of significant involvement of the mesentery received hand-assisted laparoscopy ab initio Patients with PET/MR-E findings of phlegmon and intramural abscesses were more likely to receive a stoma [67% versus 4%, p = 0.022].
Extra-luminal septic findings at either PET/MR-E or PET/CT-E were associated with a trend toward higher rates of major postoperative complications, but the latter identified fewer lesions resulting in a non-significant association [50% versus 9%, p < 0.05 and 67% versusversus 13%, p = 0.068].
One patient was not able to cooperate and another one was unable to stay in the MR system, resulting in an overall withdrawal of 7% [3 out of 45 both PET/MR and PET/CT scan performed].
We also compared PET/MR-E with MR-E alone. They were equally accurate in detecting CD sites, but MR-E missed the fibrotic component more often [ 
Discussion
This study compared the capability of PET/CT-E and PET/MR-E in detecting inflammation and fibrosis and their clinical relevance in patients with CD. PET/CT-E and PET/MR-E were comparable for disease detection overall, but MR morphological data combined with PET were more reliable in predicting fibrosis. PET/ MR-E addressed better the extra-luminal disease, allowing for more appropriate strategy planning. These features were associated with postoperative complications and need for stoma, and were useful to optimise the surgical approach, also reducing operative time. We identified a cut-off maximum SUV value to detect fibrotic sites with minimal inflammation. A relationship between maximum SUV values and degree of inflammation as graded by the pathologists was also observed. Combined functional, morphological, and clinical data allowed for identifying patients as candidate for either medical or early surgical approach. The patient withdrawal rate for PET/ MR-E was below 7%.
Fibrosis is a major challenge in CD, 3, 4, 6, 30 resulting from a complex interaction between environmental agents and the immune system of by guest on September 14, 2016 http://ecco-jcc.oxfordjournals.org/ Downloaded from patients. 3, 4, 31 No validated biomarkers of intestinal fibrosis are available, and no medical treatment can reverse it. 3, 4, 31, 32 Stricture dilation and surgery are the only measures to relieve symptoms, 3, 4, 5, 6, 33 but many patients need repeated treatments over time. 5, 33 Current crosssectional imaging techniques do not permit an accurate distinction between inflammation and fibrosis, 18 although this is useful to guide the management of small-bowel CD.
1,2 A diagnostic delay is often observed in stricturing CD, and it is associated with higher need for repeated surgery and lower quality of life. 5 MR-E is a radiation-free alternative tool non-inferior to CT-E in stricturing and active CD. 18, 25 Contradictory findings are reported in assessing fibrosis and need for surgery in CD. 19, 22 Rimola et al. 34 suggested that the percentage of contrast [p < 0.01] and late enhancement [p < 0.01] could ease the detection of severe fibrosis, but their model needs prospective validation. 34 Metabolic and molecular imaging procedures have been validated for monitoring disease activity and relapse of various malignancies 15, 35 and inflammatory conditions. 8, 9, 10, 36 PET/CT-E 8,37 correlates well with active inflammation. Jacene et al. 9 suggested that quantitative PET data obtained with PET/CT-E helped in identifying fibrostenosing lesions. In the present study, segments with intense fibrosis and minimal inflammatory component did not exceed 1.46 maximum SUV, and this may guide treatment [ Figure 1 ].
Lower FDG uptake was associated with failure of medical therapy in a retrospective series. 38 Although not clearly stated by the authors, one could argue that these lesions were predominantly fibrotic and, therefore, fit in with our finding correlating the SUV value with the extent of inflammation. Lenze et al. 24 found that the discriminatory ability between CD patterns of PET/CT-E and MR-E did not significantly differ [53% versus 57%], and both were unable to identify fibrostenotic lesions. 24 Scanners able to co-acquire PET and MR images have been developed. 15, 39 We found that the higher image quality of 3.0T-MR combined with quantitative PET had greater discriminatory ability between CD patterns than PET/CT-E [ Table 3 ]. Improving the overall detection of pathological segments represents room for improvement for both PET/CT-E and PET/MR-E. Notwithstanding, adding PET metabolic data to MR-E should be considered as adjunctive to endoscopy and pathology, aiming at defining the reference standard for fibrosis research in stricturing CD. 31 The combined features of these techniques could ease the detection of truly intestinal fibrosis without inflammation. 18, 31, 34 This study has limitations. First, the number of patients is relatively low. However, this is the first study directly comparing PET/ CT-E and PET/MR-E in CD patients, and their clinical relevance. No quantitative scores were used to grade inflammation or fibrosis according to the features of MR-E and CT-E, but no validated tools are currently available. Balloon dilation alone 40 or with anti-inflammatory drugs injection 41, 42 was not considered. These approaches require expertise. Comparisons with ultrasound findings were not performed, but it is currently not possible to distinguish between inflammation and fibrosis with this technique. No validated anatomopathological scoring systems are available to grade fibrosis. 31 Given the lack of a validation panel, our choice of cut-offs could have influenced the risk of over-fitting.
PET/MR-E is expensive and unfeasible in patients needing emergency surgery. PET/MR-E acquire functional and morphological data simultaneously, providing qualitative and quantitative information. 15, 32 A direct comparison between PET/MR-E and MR-E alone found that MR-E was less accurate in detecting fibrosis. This would have delayed surgery. Last, hybrid PET/MR-E allows for testing each suspected bowel thickening to assess local inflammation with a single examination. This is not possible with serological or stool tests. by guest on September 14, 2016 http://ecco-jcc.oxfordjournals.org/
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Strengths of this study consist of its prospective nature, the use of a 3.0 T MR scanner, the simultaneous acquisition of PET and MR images, the reference used for comparisons, and the endoscopic assessment for the group managed medically. Fused images were recorded and available during the same examination, avoiding misregistration of PET and MR images due to unavoidable dislocation of organs. The literature lacks assessment of MR-E and CT-E sensitivity and specificity using surgical pathology as reference. 31 We retrieved pathological data from the entire specimen, allowing the pathologists to accurately evaluate all CD features along the diseased segment [extra-intestinal and extra-luminal].
Our observations have practical implications [ Figure 1 ]. Inflammation and fibrosis are intertwined in inflammatory bowel diseases. 9, 22, 30, 34, 43 Diseased CD segments show all disease patterns at pathology, 9, 10 meaning that a minimum degree of inflammation is found in fibrotic segments, and vice versa. Fibrosis 22 is closely and positively related to inflammation, suggesting that it may not be relevant to make an exclusive distinction between patients with either inflammatory or fibrotic pattern. In any event, PET combined with high quality anatomical MR data may represent an ideal tool to differentiate between prevalently fibrotic segments [unlikely to respond to medical treatment] and those with an active inflammation with or without fibrosis [suitable for conservative treatment before surgery]. The latter could be approached with anti-inflammatory medications, aiming at reducing transmural oedema, postponing or avoiding surgery. 6, 23 As for MR-E, 18, 44 young patients would be the ideal candidates for PET/MR-E disease assessment. The proposed approach could avoid predictably ineffective exposure to medical drugs and achieve ideal surgical timing, eventually reducing complications.
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